A strong tsunami with sea disturbances observed along the Algerian coast, but with significant damage mainly in the Balearic Islands (Spain) harbours, affected the western Mediterranean following the 2003 Zemmouri earthquake (M W 6.9, Algeria). An average regional uplift of 0.55 m was measured along the shoreline in the epicentral area. Field observations, main shock and aftershocks characteristics are consistent with thrust along a ∼55-km-long rupture, trending NE-SW, dipping SE. The seismotectonic parameters indicate a hypocentre 7-8 km deep and a possible fault break between 5 and 15 km offshore. Several tide gauges located in the western Mediterranean Coast indicated an average of 0.4 m of sea-level change with a maximum of 2 m in the Balearic Islands. We generated high-resolution bathymetry grids from the Algerian coasts to the Balearic Islands coasts in order to test different seismic sources (with different fault rupture location, strike and dip) and model the tsunami initiation and propagation.
I N T RO D U C T I O N
The Zemmouri earthquake of 2003 May 21 (M W 6.9) occurred along the coast, 50 km east of the city of Algiers, and is the largest felt in this region since the 1716 February 3 (epicentral intensity: I 0 = X Rothé 1950; Ayadi et al. 2003) . The ∼6 mm yr −1 Africa-Europe convergence (DeMets et al. 1990 ) is expressed by NE-SW thrust faulting in northern Algeria, essentially in the Tell Atlas range. The thrust faulting mechanism of the Zemmouri earthquake produced shoreline uplift with no run-up reported along the Algerian coast (Meghraoui et al. 2004) . By contrast, sea-level variations along the northwestern Mediterranean coasts are reported to be as high as * Now at: Natural Resources Canada -Geological Survey of Canada, 7 Observatory Crescent, Ottawa, ON, Canada K1A 0Y3.
2 m in the Balearic Islands (Ibiza and Majorca islands). This record of a tsunamigenic earthquake in the Mediterranean Sea is unique and requires a detailed study of its origin, effects and implications for the seismic hazard assessment in this region.
The aim of this study is to determine the source of the tsunami and to understand how 2-m-high waves reached the Balearic Islands, whereas the Algerian coast was not significantly affected. To this end we address, a number of questions: was the M W 6.9 earthquake solely responsible for the tsunami waves, or are there any other contributing factors such as submarine landslides also involved? In the former case, what are the best seismic source characteristics responsible for the tsunami?
We also discuss the type of tsunami source involved using the T waves and tide gauge records gathered around the western Mediterranean Sea, and show the role of the earthquake source for the seismic sea wave generation. Finally, we numerically model the (Mw 6.9) . Black lines and red double arrows are potentially active faults and folds, respectively, in northern Algeria. Tide gauge locations are in yellow ellipse in Nice, Genoa, Palma, Ibiza, Sant Antoni, Algiers (see Fig. 3 for data) and two broad-band seismic stations are in red triangle (VSL and MAHO, data in Fig. 4 ). The dotted white rectangle is location of Fig. 5 . Topography is from SRTM (1 point each 90 m) and bathymetry from ETOPO2 (1 point each 2 min ∼3.7 km).
initiation and propagation of the tsunami by the earthquake and compare synthetic results with the sea-level tide gauge records across the western Mediterranean Sea (Fig. 1 ).
S E I S M O T E C T O N I C S E T T I N G
The Tell Atlas mountains and related Mediterranean coastline of North Africa have long been the site of destructive earthquakes, the largest being the 1980 October 10, M S 7.3 at El Asnam (Rothé 1950; Benouar 1994) . The mountain range and related seismicity run parallel to the Africa-Eurasia plate boundary and accommodate ∼6 mm yr −1 convergence (DeMets et al. 1990) . The seismic activity is mainly related with the east-west to NE-SW trending thrust-and-fold system where recent earthquake ruptures indicate the seismic slip characteristics. The long-term active deformation across the plate boundary, seismic moment tensor summation and palaeoseismic results suggest a contractional rate of 2-3 mm yr −1 in the El Asnam region (Morel & Meghraoui 1996; Meghraoui & Doumaz 1996) .
The historical seismicity catalogue refers to the occurrence of two earthquake-induced tsunami events that affected the Algerian coastline near Algiers in 1365 January 2, and near Jijel in 1856 August 21 (Mokrane et al. 1994) . According to contemporaneous witnesses, the earlier event induced a wave 5 m high that devastated the western coastline of Algiers (Ibn Khaldoun in 1369 , edited in 1959 , while the second event is illustrated by 'before and after the tsunami' pictures clearly indicating damage of main buildings of the city of Jijel (eastern Algeria) published in the French newspaper 'L'illustration' in 1856 and reported in Ambraseys (1982) . Coincidentally, in the Mahon harbour of Minorca Island (Spain) a rapid flooding occurred in 1856 a few minutes after the shock (Ambraseys 1982) . The next day a large aftershock triggered a slump of the shore of the bay into the sea in the epicentral area. These two shocks totally destroyed the town of Jijel.
The occurrence of tsunamis along the Algerian coast is likely related to active submarine thrust-and-fold structures that can be connected with continental faults. Numerous seismically active zones along the coast correspond to active folding in late Quaternary basins that extend offshore (e.g. Mitidja Basin, Cheliff Basin). The seismic sources of the 1365 and 1856 tsunamis suggest epicentral locations far enough offshore to trigger destructive seismic waves along the Algerian Coast. The main shock of the 2003 May 21 Zemmouri earthquake took place at 18h44 UTC, and the aftershock distribution was oblique to the shoreline, consistent with the extension of the Blida thrust-and-fold system (Ayadi et al. 2003) . Furthermore, the coastal relocation of the main shock and the 7-8 km depth of hypocentre, and related coastal uplift of young marine terraces imply a NE-SW trending earthquake rupture, dipping SE and with an average vertical slip of 0.5 m at the surface (Bounif et al. 2004; Meghraoui et al. 2004 ).
O B S E RVAT I O N S : E A RT H Q UA K E C O N S E Q U E N C E S A N D T S U N A M I O R I G I N
The 2003 Zemmouri earthquake produced two phenomena: shoreline uplift along 50 km and a tsunami triggered either by the earthquake itself or by a submarine landslide. We present below the different data and related analysis that may help define the physical origin of the tsunami.
Shoreline uplift
Instantaneously with the Zemmouri earthquake, coastal inhabitants observed a significant retreat of the sea. A few days after the main shock we collected more than 65 responses from inhabitants living along the coast in the epicentral area that systematically indicated ∼100 m retreat of the sea (with ships resting on sandy seafloor in harbours). Moreover, we noted in the harbour quays the trace of the sea level before the earthquake and a white strip of algae (Corallina Elongata) on rocky headlands (Fig. 2 , Meghraoui et al. 2004 ). These observations are most probably related to a shoreline uplift. Indeed we also performed GPS levelling along the epicentral area and obtained the following results (maximum error bar σ ± 0.15 m): an average 0.55 m uplift along the shoreline, a maximum 0.75 m east of Boumerdes, and a minimum close to 0 near Cap Djinet. In summary, the observed coastal uplift is visible along ∼50 km, a dimension consistent with the fault length expected to generate an earthquake with M W 6.9.
Sea-level variations across the western Mediterranean Sea
As indicated by fishermen and local inhabitants along the coastal epicentral area, the sea recession of ∼100 m also generated sea-level oscillations. These movements of the sea level look like an ebb and flow of the tide, for the Zemmouri area, and are very similar to a tsunami phenomenon. However, no run-up was reported along the Algerian coasts, indicating that the tsunami waves, if any, were not high enough to inundate beyond original shoreline. The tide gauge of the Algiers harbour, where no uplift was observed, indicated 0.15-0.20 m maximum sea-level variation and an arrival times 15 min after the main shock (Fig. 3a) . The analogue record is of poor quality and seems to underestimate the variations of the sea level that could have reached almost half a metre (M. Van Ruymbeke, private communication, 2004) .
Several sea-level fluctuations (less than 0.4 m) along the western Mediterranean coast were measured at different Spanish, French and Italian tide gauges (Fig. 1) . Except for the Balearic Islands, no significant damage nor run-up were reported along these coasts. In Genoa (Italy, Fig. 3b ) amplitudes hardly exceeded 0.05-0.08 m, and in Nice (France, Fig. 3c ) 0.10 m amplitudes were observed. Arrival times can be roughly estimated to 20h40 UTC in Genoa (corresponding to about 2 hr propagation) and 20h20 UTC in Nice (approximately 1 hr 40 min propagation). The largest amplitudes of the sea-level variations were observed in the Balearic Islands (Spain), located ∼350 km NE of the epicentral area, with a maximum of 2 m (peak-to-trough amplitude). These amplitudes are surprising large with respect to the other observed tide gauge values. In the three Balearic Islands (from East to West: Menorca, Majorca and Ibiza), our field investigations were consistent with local witnesses and press report sea disturbances and some damage to quays and boats (10 sunk and tens others were damaged). Historical Algerian earthquakes already caused sea-level variations in the Balearic islands on 1856 August 21; 1856 August 22, (I 0 = VIII); 1885 January 29; and on 1891 January 15, (I 0 = X on Modified Mercalli scale, Mokrane et al. (1994) ). We thus can assume that a particular sea wave amplification, or a resonance usually occurs in the Balearic Bays in response to tsunamis initiated along the Algerian margin.
While the previous tide gauges in Genoa and Nice do not record sea-level variations at a better rate than 1 point every 10 min, the tide gauge in Palma (Majorca, Balearic Islands) provides a very valuable data set sampled at a 1/min (Fig. 3d) . A maximum water height of about 0.70 m (or 1.2 m peak-to-trough amplitude) has been recorded, with periods of about 20 min (see Table 1 ). The first arrival is observed about 50-60 min after the main shock in the epicentral area, at about 19h30 UTC. At the same time, the first arrival is observed in Ibiza harbour with a maximum water height of 0.35 m (Fig. 3e) . In Sant Antoni, located in the NE of the Ibiza Island, a system designed to monitor sea level consists of a combination of a bottom pressure sensor (the tide gauge itself) and a surface barometer. These two pressure measurements together with the density profile of the water column above the tide gauge, provide the height of the water column above the bottom pressure sensor (S. Monserrat-IMEDEA, private communication, 2003) . This leads to a maximum water height of about 1.10 m (or 2 m peak-totrough amplitude) has been recorded, the first arrival being observed about 60 min after the main shock (at about 19h45 UTC; Fig. 3f ). For the others tide gauges located along the western Mediterranean coast in France and Italy, observed sea-level variations were less than 0.30 m.
The tide gauge data and related reports obtained from the different harbour communities confirm that a tsunami was triggered by the 2003 May 21 Algiers earthquake, and that the seismic sea waves have propagated across the western Mediterranean Sea. 
Origin of the Tsunami
The possibility that one or several submarine landslides triggered the tsunami could not be discarded at first sight because of the relatively deep slopes (∼2000-3000 m) along the Algerian coast, and because five submarine broken telecommunication cables were reported after the earthquake at different locations close to the epicentral area (France Telecom Marine report and personal communication). However, no evidence for a large single landslide is reported and the numerous submarine slides may have been too small to produce a tsunami. A large submarine landslide may have been recorded on T waves with no relation to seismic phases as in the Papua New Guinea in 1998 (Okal 2003) . T phases are seismic waves recorded by seismometers, which have travelled the major part of the sourceto-receiver path as acoustic waves channelled in the ocean water column by the SOFAR (SOund Fixing and Ranging) low-velocity waveguide (e.g. Ewing et al. 1952; Talandier & Okal 1998) . In order to analyse T waves, we used data from two IRIS network seismic broad-band stations (VSL in Sardinia and MAHO in Menorca Island; see Table 2 for station characteristics). To identify any seismic phases not related to the main Algerian earthquake, we extracted from the IRIS PDE bulletin (see Table 3 ) the main aftershocks of the first hour after the main shock. Fig. 4 presents a 1 hr record filtered between 1.5 and 9.5 Hz for the two stations where we observe a mean delay of 154 s and 215 s, respectively, for MAHO and VSL. We can identify five main earthquakes for M > 4.5 and their associated T waves. All P, S or T waves can be correlated with an earthquake. More importantly, there is no seismic phase that could be linked to a major submarine landslide. Moreover, if a major landslide had occurred along the Algerian coast, the tsunami would likely have struck the costal epicentral area with larger seismic sea wave amplitudes. No evidence has been found for any runup in this epicentral area. Finally, the periods of observed waves (15-20 min) are in good agreement with an earthquake source, ruling out a landslide origin that would have produced shorter periods.
According to these observations, it appears most likely that the tsunami was generated solely by the coseismic deformation and related seafloor vertical displacement. Therefore, we test in the following paragraphs a numerical model of a tsunami triggered only by the earthquake rupture.
M O D E L L I N G

Method
The method involves modelling the initiation and propagation of the tsunami waves. The coseismic deformation is computed using an elastic dislocation model that yields the vertical deformation of the seafloor in the epicentral area as a function of the ground elastic parameters and the fault plane geometry (Okada 1985) . The different parameters used are also related to each other by the seismic moment relation M 0 = μULW (Aki 1966 -μ: rigidity, U: We assume that this deformation is instantaneously and fully transmitted to the sea surface: indeed the rupture duration is much smaller (in the case of a M W 6.9 magnitude, almost 20 s) than the tsunami periods, and the source dimension much larger than the water depth. Under these hypotheses, the sea waves that initiated by the return to equilibrium are considered as long waves (shallow water model). The propagation of the seismic sea waves is thus governed by depth-averaged, non-linear hydrodynamical equations describing the conservation of mass (1) and momentum (2): 
where h is the water depth, η the water elevation above mean sea level, v the depth-averaged horizontal velocity vector, g the acceleration of gravity, and f bottom friction and Coriolis forces. These equations are solved in spherical coordinates using a finite difference method, centred in time, with an upwind scheme in space, following an approach that has proved very efficient in explaining the effects of far-field tsunamis in the Pacific Ocean in French Polynesia (Guibourg et al. 1997; Heinrich et al. 1998; Hébert et al. 2001) . To deal with the coastal amplification of the tsunami waves, nested bathymetric grids must be established based on available bathymetric data. To this end we first used global bathymetric data (Smith Table 4 . Seismic sources parameters tested for the tsunami propagation modelling. Meghraoui et al. (2004) Delouis et al. (2004) Semmane et al. (2005) Bezzeghoud ( & Sandwell 1997) mixed with bathymetric data obtained from the MARADJA survey near the Algerian coast (courtesy of J. Deverchere) to build a regular map encompassing the epicentral area and the Balearic Islands (grid cell 400 m). Then each studied site in the Balearic was described by bathymetric grids characterized by an increasing resolution, down to 10 m in the harbours. Digitized nautical bathymetric maps were used for this purpose, which allowed us to establish 100 m, 40 m and finally 10 m cell-size grids.
Tested seismic sources
To model the observed GPS levelling data, coastal uplift and seismic signals, different authors have proposed various seismic source characteristics (Table 4 ). The moment magnitude ranges between 6.7 and 7.1 and the rake varies from a pure thrust fault (rake 88 • ) to a mix between thrust fault and strike-slip fault (i.e. rake 111
• ). Most of the tested seismic sources for modelling use the same epicentral location from Bounif et al. 2004 except Yelles and others who use an offshore location (Yelles-Chaouche et al. 2003) . The depth is shallow for four of the authors (6-9 km) and 16 km for Semmane et al. (2005) . Furthermore, the tested fault rupture dimensions for tsunami generation are very different, and they imply different solutions for tsunami generation and wave propagation. For instance, the strike changes from N54
• to N70
• according to authors in Table 4 , which could have an influence on the amplitude of the tsunami along the Algerian coast.
Highlighting different factors responsible of wave amplifications around the Balearic Coasts
Using the modelling method and related elastic dislocation computation an ENE-WSW strike and a more or less dip-slip component for the fault generates maximum water heights after 3 hr of propagation (see Fig. 6a and the source of Meghraoui et al. 2004; and Fig. 6b and the source of Delouis et al. 2004 ) toward the Balearic Islands. Because of the fault strike perpendicular to the wave direction towards the Balearic Islands, we note that these islands are directly located in the region of maximum tsunami energy.
Another important aspect is the seafloor geometry around the Balearic Islands, which indicates a main bathymetric step at ∼100 km south of the islands between the Algerian and Spanish coasts. Finally, the presence of large sea waves in Balearic Harbours during seasonal storms suggests a prominent wave amplification in the Balearic Islands (S. Monserrat, private communication, 2003) .
In Sant Antoni (NW of Ibiza Island) the amplitude was even larger according to tide gauges and local witnesses. Indeed, 40 min after the main shock the first tsunami waves reached the southern part of Formentera Island and 10 min later, all the southern part of Ibiza Island (and in particular the Ibiza Harbour) was affected (Figs 7a and  b) . Less than 1 hr after the earthquake rupture, two waves coming from opposites sides of Ibiza Island met and their amplitudes added produce leeward of the arrival azimuth. This has already been seen in Babi Island close to Flores Island, in Indonesia during the 1992 December 12, M S = 7.5 earthquake (Yeh et al. 1994, see Fig. 7 ) .
R E S U LT S
Instantaneous variations of the sea level
For each tested seismic source, we computed the corresponding coseismic vertical displacement obtained with the Okada dislocation model (1985, see also Fig. 5 ). The modelling takes into account five fault characteristics (Table 4) : (1) two fault solutions are close to the shoreline (Delouis et al. 2004; Meghraoui et al. 2004) ; (2) two other fault solutions are offshore (Semmane et al. 2005; Yelles et al. 2004) but as shown in Table 4 Semmane et al. 2005) . The strike, dip and rake of each seismic source do not vary. The size of each subfault is different according to the authors: different length along strike and 15 km wide along dip for Meghraoui, 6 km along strike and 6 km wide along dip for Delouis, 2 × 2 km for Bezzeghoud and 4 × 4 km for Semmane.
The Delouis and Meghraoui sources show a maximum patch of deformation in the easternmost part of the fault (close to Cap Djinet) and a secondary patch in the western part (Figs 5a and b) . The Delouis fault solution (Fig. 5a ) is parallel to the shoreline, with a shallow hypocentre and maximum deformation in the eastern part. The Meghraoui fault solution (Fig. 5b) with two rupture patches is oblique, close to the shoreline in the western part and more offshore in the eastern part than Delouis source. From Table 4 (Table 4) , with the same characteristics than Meghraoui et al. source (except 3 • of difference for the dip). By contrast, Yelles-Chaouche et al. (2003) give a homogenous slip on a fault parallel to the shoreline with maximum deformation concentrated in the western part of the epicentral area. Unlike previous models, the Yelles et al. Semmane et al. (2005) and (e) Yelles et al. (2004). solution does not indicate any vertical movement in the easternmost epicentral area (Dellys).
Finally, the source solution of Bezzeghoud (private communication, 2006) provides the most geographically limited and lowest amplitude deformation even though the fault location is quite similar to the Delouis source (Fig. 5e) . However, most of the vertical movement for Bezzeghoud (private communication, 2006) occurs in the westernmost epicentral area (reaching 1.5 m, west of Boumerdes), with no deformation in the central part. The proposed moment magnitude is 6.7 which suggests less sea-level variation than the Semmane source (M W = 7.1).
Synthetic tide gauges obtained according the seismic sources
Several synthetic tide gauge records were generated using the five seismic sources tested in our modelling for 4 harbours: Algiers, Palma de Majorca, Ibiza, and Sant Antoni (Fig. 1) . In Algiers, which is probably the most important tide gauge of this study to constrain the seismic source, the sample rate (1 point each 15 min) turned out to be too low. As a solution, we applied a low-pass filter (at 15 min) to the synthetic data to compare amplitude and phase with the observed tide gauge. An important problem in this comparison is the time difference for the phase between the original and synthetic data. Therefore, the quality of the analogue tide gauge record is questionable, casting doubt on the ability of the tide gauge to record local uplift.
For this reason, we infer that the timing of the tide gauge in Algiers is not accurate, and observed a time shift of 8 min (Fig. 8a) . The Semmane et al. (2005) source generates the largest wave amplitudes with less than 0.40 m peak-to-trough in the first 2 hr; the periods and phases computed are in good agreement with the observed data. The other offshore source (Yelles-Chaouche et al. 2003 ) also produces quite large sea-level variations (∼0.30 m). Delouis and Meghraoui sources in Fig. 8(a) present almost the same behaviour in the first hour of propagation. After 1 hr, however, the Delouis source (Fig. 5a ) follows the same trend as the previous sources, whereas the Meghraoui source (Fig. 5b) falls off in amplitude. Finally, Bezzeghoud source (Fig. 5c) obtains the same variations of the Yelles source (Fig. 5d) .
For Palma de Majorca, lack of bathymetric data caused problems with the grids which prevented us from obtaining the maximum amplification. Nevertheless, by differential comparison we note that the time is shifted (Fig. 8b) . The Semmane source (Fig. 5e ) again produces the strongest waves, whereas the other sources have a much more similar pattern in the first 2 hr of propagation. The fit is less satisfactory than in Algiers, as the amplitudes are too low and the signal is too high frequency to correctly model the data.
For the Ibiza Islands, two tide gauges were used in this study: one located in the southeast part of Ibiza city, and the other in the northwest region in the large bay of Sant Antoni. The Ibiza city gauge (Fig. 8c) samples at a rate of 5 min (Table 1) , probably too low to observe all the sea-level maxima. The Semmane and Bezzeghoud sources are the extremes (Figs 5c and d) , showing stronger and lower sea-level variations, respectively, whereas the Delouis, Meghraoui and Yelles sources maintain more or less a same trend with larger peak-to-trough amplitude of 0.80 m after 2 hr of propagation.
In Sant Antoni (Fig. 8d) , the phases are well reproduced and the amplitude fits well, except for the two first waves. The Semmane et al. source (Fig. 5e ) fits well at the beginning of the tsunami, but from the third wave the amplitude is too strong. The sample rate in Sant Antoni is 2 min, and we use the same value for the low-pass filter. The Delouis et al. and Yelles et al. sources (Figs 5a and d) have the same trend, even if the latter solution is stronger for each phase. The Meghraoui et al. and Bezzeghoud solutions (Figs 5b and c) produce the smallest variations with high-frequency waves.
From these results with different measurements and modelling, and calculated parameters obtained in the epicentral area, we discuss the probability and best-fit fault source responsible of the tsunami.
D I S C U S S I O N A N D C O N C L U S I O N
Source of the Tsunami
Three hypotheses were put forward as a possible source of the tsunami: seafloor displacement, a submarine landslide, or a combination of the two phenomena. In order to discriminate between these different sources, we collected field data (geodetic, eyewitness) along the Algerian epicentral coast, tide gauges records, and conducted a study of T phase on 2 broad-band seismic records. From the T wave records (one azimuth perpendicular and one parallel to the strike of the fault), we observe the presence of different T phases linked to seismic events with magnitudes larger than 4.5. There is no single T phase that could be linked to any large submarine landslide. Moreover, the period of the tsunami is around 20 min, and the absence of run-up along the epicentral coast designates the strong seismic event as the only source for the tsunami generation. Moreover, the different modelling of Figs 5-7 computed in this study show that a single moderate to large earthquake is enough to produce high-amplitude waves even at long distances (>300 km) from the epicentral area.
Clues for the most reliable and realistic seismic source
Using recent results of the Zemmouri earthquake study, we selected five different seismic sources with a range of M W from 6.7 to 7.1, a depth from 6 to 16 km, and fault rupture close to the shoreline (<10 km) or offshore (>15 km). Even if the sample rate of the tide gauges is very sensitive to sea-level variations, we observe that the source model of Semmane et al. (2005) is not appropriate because the fault is too far from the shore, the largest fault dimension and generates excessive wave amplitudes as in Sant Antoni and Ibiza. On the other hand, the Bezzeghoud (private communication, 2006) source is essentially located in the western part of the epicentral area, shows no deformation in the Cap Djinet and Dellys area (which is not consistent with the coastal deformation) and does not generate sufficient wave amplitude. It is likely that the sources from Meghraoui et al. (2004) , Delouis et al. (2004) , and to a certain extent that of Yelles et al. (2004) can properly describe the observed sea-level variations. However, if we look to the levelling data of Yelles et al. (2004) which were taken from stations on buildings, we note that their source does not generate any vertical movement in the eastern part as Dellys, whereas the measured coastal uplift reaches 0.40 ± 0.15 m (Meghraoui et al. 2004) . Moreover, the seismological parameters of the Yelles et al. source (2004) provide less plausible coseismic slip (up to 1.8 m) and smaller fault dimensions. In short, we can say that the Delouis et al. (2004) and Meghraoui et al. (2004) sources verify the tsunami modelling and appear to be consistent with the distance to the shore and related fault dimension shown in Figs 5(a) and (b), the shoreline uplift, and a moment magnitude M W less than or equal to 7.
Computed periods in Algiers are smaller (10 min) than everywhere else, and the observed negative first motion of the waves is not reproduced, casting some doubt on the partial analogue record. However, Algiers is the only place where the seismic source of Meghraoui et al. (2004) yields higher waves than the source of Delouis et al. (2004) . An accurate tide-gauge record would have (Continued.) helped to discriminate between the sources, based on their azimuth (as it affects wave amplitude).
In some harbours, a noisy high-frequency signal due to the harbour's and bay shape or to numerical instabilities renders any discussion on the source dimension and structure rather difficult, and the modelling can here be significantly improved. The remaining misfit between synthetic and observed tide gauge signals while using the best realistic sources must be more appropriately explained by testing the propagation and amplification parameters.
The modelling of tide gauge records encountered a few problems partly due to the poor quality of the bathymetric data along specific bays and/or harbours. We did not perform any run-up modelling due to lack of observed data that could lead to a decrease in synthetic amplitudes by avoiding any reflections on nonexisting harbour structures. On the other hand, we also ignored any friction on the bottom that may have also contributed to reduce synthetic signals. These limitations could explain the large amplitudes computed after the first arrivals, especially in Algiers and Sant Antoni, stressing the fact that the too low amplitudes obtained in Palma are most probably related to problems with the bathymetric grids. Our modelling clearly indicates, however, realistic earthquake sources to explain the tide gauge records in the Balearic Islands, the amplitudes being a less satisfactory fit than the phases.
Implications for tsunami hazards in the Western Mediterranean Sea
From the historical seismicity catalogue, Northern Algeria has experienced several magnitude 7 or greater earthquakes in the past. Assuming that the occurrence of such large events (M W > 7 to 7.5) may occur in, or close to the sea, it is likely that the Western Mediterranean coasts would be struck with severe tsunami damage. In fact, our analysis of the M W = 6.9 event generated waves of 1 to 2 m that affected the Balearic Islands. An attempt to model the seismic sea wave characteristics for an earthquake larger than M = 7 indicates an average peak-to-trough that would reach a factor of two to four times the values calculated for the Zemmouri earthquake. The large tsunami could hence produce a possible run-up along the Algerian coast as well, and large wave-amplitudes (more than 3 m) could reach the Balearic Islands. Finally, a large submarine landslide triggered by a large earthquake cannot be ruled out, and this would increase locally the energy of tsunami propagation. Our analysis and modelling of the Zemmouri earthquake tsunami can serve as a good basis for studies in tsunami hazards that may complement a warning system in the Mediterranean Sea.
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